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ABSTRACT 

This report is a summary of results obtained during the seventh 
year of an eight-year research program to determine the maximum rates of 
sewage sludge application which can be safely used on agricultural soil. 
Two sets of experiments are described. One was a field study of the 
effects of rate and source of sludge application on corn and bromegrass. 
Three sludges resulting from treatment of sewage for phosphorus removal 
with calcium hydroxide, ferric chloride and aluminum sulphate were 
compared to ammonium nitrate fertilizer as sources of nitrogen, and their 
effects on crop yield and nutrient and metal content of crops and soil 
were measured. The second study was a greenhouse experiment with ryegrass 
as the crop and six sewage sludges selected for their high metal contents. 
Crop growth and nutrient and metal uptake were measured. 

Yields of bromegrass and corn resulting from sludge application 
were at least as high as yields with ammonium nitrate. Sodium bicarbonate- 
extractable (plant available) soil phosphorus was increased by sludge 
application in the order calcium sludge > iron sludge > aluminum sludge. 
As in previous years, soil pH and extractable soil calcium were highest 
with the calcium sludge and soil pH was lowest with the iron sludge. 
Cadmium, copper , nickel and zinc concentrations in plant tissues were high 
with high sludge application rates, particularly with sludges high in 
these metals . 

In the greenhouse experiment, after the fourteenth crop of rye- 
grass was harvested, the roots and shoots, and the soil on which the 
ryegrass was grown were analysed for metal contents. With the exception 
of zinc, metal concentrations were generally much higher in the root than 
in the shoot. The low mobility of lead and chromium in the soil-plant 
system was reflected in the high soil/shoot ratios of these metals. 
Cadmium and copper were readily absorbed by the root as indicated by the 
low soil/root concentration ratios, but were not so readily transported to 
the shoot as evidenced by relatively high root /shoot concentration 
ratios . 



rEsumS 



Le present rapport resume les resultats obtenus au cours de la 
7^ annee d'une etude d'une duree de 8 ans , entreprise pour determiner 
a quels rythmes maximaux on peut , en toute securite, egandre des boues 
residuaires sur des terres agricoles. Deux series d 'experiences sent 
decrites. La premiere etudiait I'effet du volume et de la provenance des 
boues sur le mais et le brome. On a compare I'apport azote de trois boues 
dont on avait soutire le phosphore a I'aide d'hydroxyde de calcium, de 
chlorure ferrique et de sulfate d'aluminium, a I'apport azote d'un engrais 
au nitrate d'ammonium et on a mesure I'effet de ces boues sur le volume de 
la recolte et la teneur des vegetaux et des sols en elements nutritifs et 
en raetaux. La seconde serie d'experiences s'est poursuivie dans une serre 
et etudiait les effets de six boues a fortes teneurs en metaux sur la 
croissance de I'ivraie de Perse. On a aussi mesure 1 'absorption par cette 
plante des elements nutritifs et des metaux. 

Les plants de brome et de mais dans les champs d'epandage etaient 
au moins aussi eleves que ceux qui avaient ete engraisses au nitrate 
d 'ammonium. Les boues ont accru I'assimilation du phosphore extractible 
au bicarbonate de sodium, dans I'ordre croissant suivant : boues d'aluminium, 
boues ferriques , boues de calcium. Comme par les annees anterleures , le 
pH et la quantite de calcium extractible ont ete au sommet avec le boue de 
calcium alors que le pH etait au plus bas avec la boue ferrique. Les 
teneurs des tissus des plantes en cadmium, en cuivre, en nickel et en zinc 
etaient d'autant plus elevees que I'epandage des boues avait ete intense, 
et plus encore si les boues contenaient une forte quantite de ces metaux. 

En serre, apres la quatorzieme recolte d'ivraie, on a mesure la 
quantite de metaux contenue dans les racines et les tiges des plantes et 
dans le sol ou elles avaient pousse. Sauf pour le zinc, les metaux 
etaient plus concentres dans les racines que dans les tiges. La faible 
mobilite du plomb et du chrome dans le systeme sol-plante apparait dans le 
proportion elevee de leur concentration dans le sol par rapport a leur 
concentration dans les tiges. Le cadmium et le cuivre ont ete facilement 
absorbes par les racines si on se fie au faible rapport de concentration 
sol/racines, mais s'y sont cantonnees si on se fie au rapport eleve de 
concentration racines/tiges . 
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t INTRODUCTION 

This report contains a summary of work completed in the seventh 
year of an eight-year research program on land disposal of sewage sludge*. 
It was carried out by the Department of Land Resource Science at the 
University of (juelph, under funding provided by the Ontario Provincial 
Lottery Trust Fund through the Ontario Ministry of the Environment, during 
the period April 1, 1979 to March 31, 1980. Previous work under the 
project has been published as Canada-Ontario Agreement Research Reports 
listed in the bibliography of this report. 

The objective of this continuing research is to determine maximum 
rates of sewage sludge application which can be used on agricultural soil 
without either contaminating subsurface water with nitrates or surface 
water with elements pathogenic to humans or animals, and without reducing 
the yield or quality of the crops produced. 

Field studies were conducted on the effects on bromegrass and 
corn of soil application of sludges resulting from the treatment of sewage 
for phosphorus removal with calcium hydroxide, ferric chloride and 
aluminum sulphate. Greenhouse experiments were also carried out with 
ryegrass grown on soil treated with six different fluid sludges selected 
for their high metal content. The effects of sludge application on crop 
yield, and on nutrient and heavy metal uptakes were measured. 

Of increasing interest as the program progresses is the study of 
the changes (or lack of them) in plant metal and nutrient concentrations 
from year-to-year and crop-to-crop. Some trends in plant metal 
concentrations are emerging and are discussed briefly in the following 
chapters. 



*This summary is based on extensive data tabulated in the original report 
These data may be obtained from the Ministry of the Environment, 
Pollution Control Branch, Development and Research Group, Provincial 
Lottery Trust Fund Files, Box 213, Rexdale, Toronto, Ontario M9W 5L1 , 



2 FIELD RATK AND SOURCE EXPERIMENTS 

2 . I Introduction 

Experiments have been in progress since 1973 on two soils, a 
Conestoga loam at the Elora Research Station and a Caledon loamy sand at 
the Cambridge (Hespeler) Research Station. At the Elora Research Station 
one experiment is in progress with corn ( Zea mays L.) as the crop and one 
with bromegrass ( Bromis inermis Leyess ). Only corn is being grown on the 
Cambridge site. 

The nitrogen sources used in these trials are ammonium nitrate 
and anaerobically digested sewage sludges resulting from treatment of 
sewage for phosphorus removal with calcium hydroxide, aluminum sulphate 
and ferric chloride . These sludges are referred to in this report as 
calcium sludge , aluminum sludge and iron sludge , respectively. The rates 
of nitrogen application from ammonium nitrate are 0, 100, 200 and "^00 kg 
N/ha, and from sludge 200, 400, 800 and 1600 kg i\/ha each year. 

In total, four nitrogen sources, four rates of application per 
source and three replications were used, resulting in a total of 48 plots 
for each trial. The corn plot size was 4.b x 7.6 m (15' x 25'), and the 
bromegrass plot size was 2.4 x 6.1 m (8' x 20'). The plots were laid out 
in randomized block designs. 

2 . 2 Experimental Procedure 

2.2,1 Bromegrass , Elora 

The experimental plots were laid out on an established stand of 
bromegrass at the Elora Research Station on Conestoga loam in the spring 
of 1973. Potassium (about 50 to 100 kg K/ha), in the form of potassium 
chloride, was broadcast on all plots each spring. Phosphorus (40 kg 
P/ha), in the form of 46/. superphosphate, was broadcast on all plots not 
receiving sludge , as suggested by the Ontario Ministry of Agriculture and 
Food's soil testing service. Annual nitrogen rates for the bromegrass 
were divided into three equal applications for both ammonium nitrate and 
sewage sludges . The bromegrass was harvested three times during the year; 
June 4, July 24 and September 4, Soil samples were obtained in late 
October from the to 15 cm depth. The plots treated with calcium sludge 



have not received sludge since the sunnier of 1977. In 1979 these plots 
received AOO kg N/ha from ammonium nitrate split into three equal 
applications . 

The yields of bromegrass were measured for all treatments. In 
addition, analyses for the following elements were carried out. 

Nitrogen (both total and nitrate-nitrogen) - in plant tissues. 
Phosphorus - total in plant tissue and sodium bicarbonate 

extractable in soil. 
Potassium - total in plant tissue and ammonium acetate 

extractable in soil. 
Calcium - total in plant tissue and ammonium acetate 

extractable in soil. 
Magnesium - total in plant tissue and ammonium acetate 

extractable in soil. 
Manganese - total in plant tissue - 
Boron - total in plant tissue. 

- total in plant tissue, and diethylenetriaminepenta- 
acetic acid (DTPA) and nitrilotriacetic acid (NTA) 
extractable in soil, 

- total in plant tissue. 

- total in plant tissue, and DTPA and NTA extractable 
in soil. 

- total in plant tissue, and DTPA and NTA extractable 
in soil. 

- total in plant tissue* 

- total in plant tissue, and DTPA and NTPA extractable 
in soil. 

- total in plant tissue. 

- total in plant tissue. 
Molybdenum - total in plant tissue. 
Selenium - total in plant tissue. 

The first cut of bromegrass from the complete set of treatments 
was analysed chemically- To reduce costs only selected treatments were 
analysed for Co, Mo, Hg and Se , and in the second and third cuts only 



Cadmium 



Chromium 
Copper 

Nickel 

Lead 
Zinc 

Cobalt 
Mercury 



selected treatments were analysed for some nutrients and metals. The pH 
of the soil was measured in all plots . 

2.2.2 Corn, Elora and Cambridge 

The plots for the two corn trials were prepared in the fall of 
1972 from an old stand of bromegrass that was plowed under at the Elora 
Research Station, and from an oat cover crop site that was plowed under at 
the Cambridge site. All plots on the Conestoga loam and Caledon loamy 
sand were fertilized with potassium chloride (^0 to 120 kg K/ha) each 
spring, and all plots on the Conestoga loam not receiving sludge were 
fertilized with superphosphate fertilizer (43 to 50 kg P/ha) as suggested 
by the Ontario Ministry of Agriculture and Food's soil testing service. 
No phosphate was required on the Caledon loamy sand. Several corn hybrids 
have been used in these trials through the years: UH106 (1973 to 1976), 
Stewarts 2501 (1977) and PAG SXUl (1978-1979). 

The trial on Conestoga loam was seeded on May 22, slightly later 
than recommended, due to difficulties getting the calcium sludge hauled 
when required. No calcium sludge was applied to the experimental plots at 
Cambridge in 1979. To prevent further delay in the planting of the corn 
experiment at Elora, the calcium sludge at the highest rate (1600 kg N/ha) 
was not applied in 1979. 

Measurements and analyses similar to those described in the 
previous section were carried out . To reduce costs , and because corn 
grain samples showed few and small differences in chemical composition in 
previous years, corn grain samples from plots with only two ammonium 
nitrate application rates and the lowest and highest rates of sewage 
sludge application were analyzed chemically. Also , only selected 
treatments of the corn grain and stover were analysed for Co, Mo, Se, and 
Hg. In 1979/80, routine soil analyses of subsurface (15-30 cm) soil 
samples from selected treatments were performed in addition to analyses of 
surface (0-15 cm) soil. 

2.3 Summary and Discussion of Results 

Sewage sludge treated with calcium, aluminum or iron to 
precipitate phosphorus continued to produce as high and frequently higher 
yields of bromegrass and corn than did ammonium nitrate. Yields of 
bromegrass increased significantly with sludge application rates of up to 



800 kg N/ha. Higher application rates produced no further Increases in 
yield. Rates of sludge application greater than 200 kg N/ha or of 
ammonium nitrate greater than 100 kg N/ha did not further increase 
corn-grain yield significantly. 

Phosphorus added in the calcium sludge was much more effective 
than phosphorus in the other sludges in raising the sodium-bicarbonate- 
soluble soil-phosphorus level. The crops grown did not , however , appear 
to be sensitive to the differences in extractable soil-phosphorus content, 
probably because the concentrations in the soils and crops were above the 
level at which response is expected. The increase in bicarbonate-extract- 
able soil-phosphorus from sludge application appeared to level off after 
1976. 

As in previous years, soil pH and extractable soil-calcium were 
highest with additions of the calcium sludge. The iron sludge at the high 
rates lowered the soil pH. The soil pH resulting from each sludge 
treatment has remained relatively constant since 1975. 

Cadmium and zinc concentrations in corn stover at both sites were 
increased over the seven-year period with high application rates of the 
iron and aluminum sludges (Tables 1 and 2) . The effects on cadmium and 
zinc concentrations in bromegrass were smaller (Tables 3 and 4) . The 
aluminum sludge supplied the greatest amount of cadmium and zinc, the 
calcium sludge the least cadmium, and the iron sludge the least zinc. 
With aluminum sludge, cadmium and zinc concentrations in plant tissues 
increased from year to year, but the pattern is not consistent for the 
other sludges. Ammonium nitrate appeared to increase the cadmium and zinc 
concentrations in corn stover and bromegrass, but to a lesser extent than 
the sludges . There is some evidence for increased cadmium and zinc 
concentrations in corn grain at high application rates of sludges with 
high contents of these metals . 

Copper concentrations in plant tissues were increased by both 
sludge and ammonium nitrate application, but did not increase from one 
year to the next. The application in 1976 and 1977 of calcium sludge 
containing a high concentration of nickel resulted in increased nickel 
concentrations in bromegrass and corn stover. This high nickel content 
calcium sludge has not been reapplied on the bromegrass since 1977, and 



TABLE 1. CADMIUM CONCENTRATIONS IN CORN STOVER FROM ELORA AND CAMBRIDGE FROM 1973 TO 1979. 
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Caledon loamy sand, Cambridge 
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*Individual concentrations on any one line not followed by a common letter are significantly 
different at 0.05 probability level by Duncan's Multiple Range test. 



TABLt 2. ZINC CONCENTRATIONS IN CORN STOVER FROM ELORA AND CAMBRIDGE FROM 
1973 TO 1979. 



N source and rate (kg N/ha) 

Coefficient 
NHa NO: < Ca -sludge Al-sludge Fe -sludge of Variance 



Year 100 400 200 1600 200 1600 200 1600 % 



^jg 2n/g 

Conestoga loam, Elora 

1973 19e* 18e 28b-e 30b-e 37a-e 37a-d 26cde 41ab M 

1974 15i 22f-i 23f-i 36cde 19ghi 54b 23f-i 69a 10 

1975 18f 23f 36def 54bc 33def 72b 35def 103a M 

1976 15f 20ef 28def 62b 34def 72ab 30def 88a J5 

1977 18e 22e 36e 71bcd 40e 115a 31e 85abc i$ 

1978 21e 22e 29de 66b 37cde 124a 30cde 77b W 

1979 20h 21h 37fg 50e 53de 144a 29gh 74c tJ 

Caledon loamy sand, Cambridge** 



If 
24 



* Individual concentrations on any one line not followed by a common letter are 
significantly different at 0.05 probability level by Duncan's Multiple Range 
test. 

**Data for 1973 and 1975 are not presented because of contaminated samples. 
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TABLE 3. CADMIUM CONCENTRATIONS IN FIRST CUT BROMEGRASS FROM SELECTED TREATMENTS FROM 
1974 TO 1979 
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*Individual concentrations for a given year not followed by a common letter are significantly 
different at 0.05 probability level by Duncan's Multiple Range Test. 
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*Individual concentrations for a given year not followed by a common letter are 
significantly different at 0.05 probability level by Duncan's Multiple Range Test. 



another source of calcium sludge with lower nickel content was used on the 
corn trials, but the residual effect was sufficiently strong to maintain 
elevated nickel concentrations in plant tissues in 1978 and 1979, 

Sludge application had little or no effect on manganese, lead and 
chromium concentrations in corn grain and stover, and lead and chromium 
concentrations in bromegrass * The calcium and aluminum sludges tended , 
however, to decrease manganese concentration in bromegrass. Boron and 
mercury concentrations in crops were also not affected by sludge 
application, and cobalt and selenium concentrations in crops were mostly 
below analytical detection limits (0.05 and 0.03 ug/g, respectively). 
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li GREENHOUSE EXPERIMENT 

3*1 Introduction 

The experiments on the growth of ryegrass under greenhouse condi- 
tions are complementary to the field studies. Greenhouse experiments 
enable both a more rapid cycling of sludge application and cropping, and a 
greater variety of sludges to be studied than is possible under field 
conditions. The sludges used were chosen for their high metal contents. 

%*^ Experimental Procedures 

By December 1978, fourteen crops of ryegrass had been grown, 
details of which are available in project report volumes III to VII. Nine 
Ontario sludges were applied before the seeding of each of the first five 
crops at rates supplying 200, 800 and 1600 kg N/ha. One additional set 
received 1600 kg N/ha from sludge before the first crop only and none 
thereafter. The control treatment pot received 200 kg N/ha from ammonium 
nitrate, 50 kg P/ha as 46% superphosphate and 20 kg Mg/ha as MgSO^ before 
seeding each crop. The experiment started with 7 kg of a Grimsby sandy 
loam contained in each 30 cm diameter plastic pot. The soil pH was 
adjusted with calcium carbonate to between 5 and 7 from an initial pH of 
4.6. There were two replications per treatment. 

A week after seedlings emerged, the stand was thinned to 15 
plants per pot. Each crop was harvested 35 to 40 days after seeding. 
Soluble salts were found to be a problem after the second application of 
sludge. After the third sludge application, but before seeding, and 
before every second crop thereafter, the soil in each pot was leached with 
deionized water to reduce salt concentration. Only small proportions of 
most metals added were removed in the leachates, although loss of the 
nutrients N, K, Mg and Ca were appreciable in some cases. 

After the fifth crop, three of the nine sludges were dropped from 
the experiment, and the soil in each pot was adjusted to a pH of 6.5 with 
lime. The six sludges retained were chosen for their high metal contents 
and were added to only half the pots in each treatment before cropping. 
To the other half of the pots in each treatment, no further sludge 
applications were made. In this way it was possible to study the metal 
uptake pattern with and without continued sludge applications. Nine crops 
of ryegrass (crops 6 to 14) were grown under this experimental set-up. 
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Because soil samples were collected after each crop, the amount of soil in 
each pot was reduced with continued cropping. For the sixth crop, A kg of 
soil were used in plastic pots of 20 cm diameter. The final plant 
population was 12 plants f«r pot. 

The heavy metal contents (cadmium, chromium, copper , lead , nickel 
and zinc) of the six sludges are summarized below. The heavy metals 
concentrations in excess of the Ontario sludge guidelines, as specified by 
a minimum NH^ -N /metal ratio , are listed beside each sludge source (the 
asterisks denote which of the six sludges supplied the highest amount of 
the identified element): 

Source Metal exceeding guidelines 

Aurora Cr* 

Midland Cd , Cr, Cu, Pb, Ni*, Zn 

Sarnia Cd, Pb*, Zn* 

Guelph Cd*, Cr , Cu, Pb, Zn 

Fergus Cr, Cu*, Zn 

North Toronto Pb. 

Some metals are known to accumulate at greater concentrations in 
plant roots than in the tops. In 1979, ryegrass roots from the fourteenth 
crop were analysed for Cd , Cr , Cu, Ni , Pb and Zn. In addition, selected 
soil samples from previous crops were analysed to determine changes in the 
following soil properties as a result of sludge application: cation 
exchange capacity, organic matter content , DTPA extrac table Cd , Cu, Ni and 
Zn, and distribution of metals in various chemical forms thought to exist 
in soil and sludge . Metals in soil and sludge were fractioned by sequen- 
tially extracting with IM KNO3 , . 5M KF, O.IM Na4p207. Q.lM EDTA and IM 
HNO3. The fractions of metals extracted were, respectively: the soluble 
and exchangeable , the adsorbed , the organic , the carbonate , and the 
sulphide fractions. The ease of removal from the associated soil phase 
was expected to decrease in the order given, 

3. 3 Summary and Discussion of Results 

The soil analyses were not completed in time to allow a correla- 
tion study with plant metal uptake for this report. This discussion is 
therefore confined only to cadmium, chromium, copper , lead , nickel and 
zinc concentrations in the shoots and roots of the fourteenth crop of 
ryegrass . 
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Higher cadmium concentrations were found in the roots than in the 
shoots. Although the Guelph sludge added only slightly more cadmium than 
the Sarnia sludge, it resulted in approximately twice as high cadmium 
concentrations in the shoots and roots. Cadmium in the Guelph sludge was 
more available to the plant. Soil /root, soil/shoot and root /shoot cadmium 
ratios resulting from no sludge application and the North Toronto sludge 
application are compared to the worst-case situation resulting from the 
Guelph sludge application in Table 5. The relative metal ratios provide 
an index of metal mobility in the soil-plant system. Cadmium appears to 
be readily absorbed by the root as shown by the low soil/root cadmium 
ratio, but is not so readily translocated to the shoot as shown by 
relatively high root/shoot cadmium ratios. 

Sludge had little effect on chromium concentrations in shoots. 
Chromium concentrations in roots were several times higher than correspon- 
ding chromium concentrations in shoots. The chromium concentrations in 
roots are generally a better reflection of chromium addition to the soil 
than concentrations in shoots. The chromium concentration ratios show 
chromium to have a low mobility both from soil to the root, and from the 
root to the shoot. 

Copper concentrations in roots are much higher than copper 
concentrations in shoots and more accurately reflect the amount of copper 
added in sludge to the soil. Poor plant growth with the Fergus sludge is 
thought to be due to copper toxicity, and copper concentrations in roots 
(1108 Mg/g) support this conclusion. Soil/root, soil/shoot and root/shoot 
copper concentration ratios resulting from no-sludge application are 
compared to the situations resulting from applications of North Toronto 
sludge (low copper content) and Guelph sludge (high copper content) in 
Table 5. The worst-case situation was obtained with the Fergus sludge. 
Because of toxicity problems there was not enough plant material at the 
high rate of application of the Fergus sludge for chemical anlaysis to be 
done. The copper concentration ratios indicate that copper is readily 
absorbed by ryegrass roots but tends not to move up into the shoot. 

Concentrations of lead in roots were several times higher than in 
shoots. High soil/shoot and root/shoot lead ratios show that lead has low 
mobility from soil to roots and from roots to shoots . 



13 



TABLE 5. RATIOS OF ^ETAL CONCENTRATIONS IN SOILS, ROOTS AND SHOOTS AFTER 14 APPLICATIONS OF 
SLUDGE SUPPLYING 1600 kg N/ha PER CROP 



lis 







No sludge 




North 
Soil 


Toronto 
Soil 


Sludge* 
Root 




Worst- 
Soil 


-case siti 
Soil 


lation 




Soil 


Soil 


Root 


Root 


Metal 


Root 


Shoot 


Shoot 


Root 


Shoot 


Shoot 


Sludge 


Root 


Shoot 


Shoot 


m 


0.20 


0.72 


3.7 


0.43 


2.7 


6.4 


Guelph 


1.1 


9.2 


8.3 


tf 


7,0 


14.0 


2.0 


7.8 


32.0 


4.1 


Aurora 


15.0 


184 


12.0 


Cu 


0.29 


1.7 


5.9 


0.79 


5.4 


6.8 


Guelph 


0.83 


7.8 


9.4 


FTj. 


0.53 


14.0 


26.0 


6.6 


199 


30.0 


Sarnia 


36.0 


1320 


37.0 


m 


%.5 


18.0 


1.9 


1.5 


7.0 


4.5 


Midland 


5.5 


30.0 


5.4 


m 


1.4 


5.0 


3,5 


3.4 


2.7 


0.79 


Sarnia 


22.0 


8.4 


0.37 



*The North Toronto sludge was chosen for comparison with the worst-case situation because it 
is considered average in contents of metals listed. It has higher than the minimum allowable 
NH^ -N/metal ratio according to the Ontario sludge guidelines with the exception of the 
NH4"'"-N/Pb ratio. 



Only the high nickel Midland sludge resulted in consistently 
increased nickel concentrations in the root and shoot. The other sludges 
were low in nickel and resulted in nickel concentrations Chat are not 
appreciably different from the no-sludge treatment. Nickel appears to be 
moderately mobile in the soil-plant system. 

Zinc concentrations in ryegrass shoots and roots were 
approximately proportional to the amount of zinc added in the sludges. 
The zinc root/shoot ratio with sludge application was less than unity, 
indicating that zinc absorbed by the root is readily translocated to the 
shoot. Although zinc is very mobile within the plant, as suggested by the 
low zinc root/shoot ratio, the increase in the zinc soil/root ratio as 
more zinc is added to the soil in sludge suggests that mobility from soil 
to root is somewhat restricted. 
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